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ABSTRACT 
In this work, an amorphous silica nanospring (SN) coating is considered as a method to induce hydrophobicity and 
dropwise condensation on aluminum tubes for both water and methanol. Silica nanosprings offer several advantages 
over other one-dimensional nanostructures including high surface area (350 m2 g-1), mild growth conditions (350°C, 
atmospheric pressure), and thermal stability (< 1000°C in air). Special focus in this work will be given to baseline 
testing and the performance of functionalized SN tubes. Testing to investigate the performance of SN-coated tubes 
and compare against the performance of uncoated tubing will be conducted in a purpose-built environmental chamber. 
In order to increase the amount of heat transfer possible within this chamber, 3D-printed fluid-carrying manifolds 
were designed to significantly increase the amount of available tube surface area. Two different methods of calculating 
condensation heat transfer coefficients from collected data are compared. Additionally, the existence of an ideal SN 
coating thickness for maximizing heat transfer and condensation rate is investigated. Future work will focus on using 
the printed and optimized manifolds to collect data from both a set of uncoated and sets of SN-coated tubes. 
1. INTRODUCTION 
Heat exchangers are ubiquitous in so many engineering systems. Because of their prevalence in the world today, it is 
important to make them as efficient as possible in order to reduce the associated costs. One common area of focus for 
improving efficiency is heat exchanger surface design including geometric modifications, surface roughness, and 
coatings. In many systems, the vapor condenses on the outside surface of the heat exchanger during operation. Because 
heat exchangers are often made of materials that are naturally hydrophilic, condensate retention can be problematic 
and a source of inefficiency. This condensation can block the airflow within the heat exchanger while also posing an 
additional thermal resistance to air-side heat transfer. In addition, retained condensate on the fin surface can also 
become a repository for harmful bacteria such as Legionella, which can lead to Legionnaires’ disease or other 
respiratory infections. In particular, condensation heat transfer plays an important role in a myriad of heat exchanger 
applications including desalination, refineries, power generation, cooling, refrigeration, and heat pumps (Ahlers et al., 
2019; Liu and Preston, 2019). As such, there has been a large amount of interest in technologies that can increase the 
efficiency of the phase-change heat transfer process. 
The primary goal of the research fueled by this interest has been to promote dropwise condensation (DWC), a process 
during which the condensation of vapor onto a surface is characterized by the nucleation and subsequent shedding of 
discrete droplets of the condensing fluid (Wen and Ma, 2020). This condensation mechanism stands in contrast to the 
phenomenon of film-wise condensation (FWC), during which the condensation mechanism is characterized by the 
formation of a continuous film of the condensing fluid on a surface (Liu and Preston, 2019; Wen and Ma, 2020; Khan 
et al., 2019). As would be expected, DWC allows for more area of the condensing surface to be exposed to the vapor 
environment during condensation. Thus, DWC results in higher heat transfer rates and higher condensation heat 
transfer coefficients (HTCs) than the FWC mechanism. As such, the investigation of methods by which a surface can 
be engineered to encourage DWC, as opposed to FWC, is a topic of significant interest. 
The most widely researched condensing fluid in the field of condensation heat transfer enhancement is water, as it is 
both common in industrial applications and exhibits relatively high surface tension. Significant works in this subset 
of the field (i.e. enhancement of HTC for water condensation) have been contributed by Miljkovic et al. (2013), Paxson 
et al. (2014), Preston et al. (2015), and Wen et al. (2018), to name but a few. These works, and many others, 
successfully demonstrate the significant HTC enhancements - on the order of 4 to 7 times - that can be reached by 
designing surfaces that are sufficiently hydrophobic and can promote preferred droplet nucleation mechanisms during 
condensation. 
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A more challenging task posed by this field of research, which stands in contrast to the condensation of water, is to 
increase the HTCs for the condensation of low surface tension fluids, such as hydrocarbons. The creation of sufficiently 
repellent surfaces to hydrocarbons to induce DWC and enhance HTCs is a current topic of great interest. Relatively 
few studies exist in this subset of the field as compared to the analogous literature for water condensation. Rykaczewski 
et al. (2014) created a variety of flat oleophobic test surfaces, including smooth oleophobic silicon wafers and alumina-
silica nanotextured wafers impregnated with Krytox perfluorinated oil. These surfaces and others were then subjected 
to a condensation environment with a variety of low surface tension fluids. It was found that a control surface of un-
impregnated nanotexture was flooded by all liquids except water, while the smooth oleophobic surface and Krytox-
impregnated nanotexture induced DWC in multiple fluids, including pentane, hexane, and octane. No information was 
provided regarding coating durability. A similar study using a lubricant infused surface (LIS) was conducted by Preston 
et al. (2018) in which copper tubes were etched to create copper oxide (CuO) nanoblades functionalized with a 
fluorosilane and then impregnated with Krytox oil. Surfaces were tested with toluene as the fluid of choice in an 
evacuated condensation chamber. With 50 Pa of non-condensable gasses (NCGs) in the chamber, the LIS only slightly 
outperformed FWC on control surfaces. However, if the pressure of NCGs is below 1 Pa, the LIS displayed roughly a 
450% performance boost over FWC of toluene. Despite this promising result, it was found that the Krytox oil was 
removed from the surface by the condensing toluene over time, degrading performance by 78% in ~300 minutes. A 
relatively recent work sought to improve upon the use of LIS’s by carefully selecting the lubricant. Sett et al. (2019) 
created oleophobic surfaces on copper tubes using the same copper oxide nanostructures as previously mentioned - the 
nanostructures were then functionalized with a fluorosilane and impregnated with two different Krytox lubricants and 
one Fomblin lubricant. In condensation experiments, these surfaces were able to promote DWC in ethanol and hexane 
over a ~7-hour period. Heat transfer coefficient enhancements of 100% and 150% for ethanol and hexane, respectively, 
were demonstrated (Sett et al., 2019). However, the expected longevity and duration of those enhancements were unclear. 
In light of the relative scarcity of the literature described above, there is an evident need for further investigation into 
robust surfaces that can induce DWC during continuous condensation of low surface tension liquids. Specifically, 
surfaces that can successfully induce DWC in low surface tension fluids without reliance on a potentially transient 
lubricant additive are nearly unrepresented in the literature. As such, this research seeks to implement silica nanospring 
(SN) functionalized with a fluorinated silane self-assembled monolayer (SAM) coating to accomplish this goal. When 
applied to a surface, the SNs form an amorphous mat of interconnecting springs that offers a high surface area coating. 
This SN mat is grown under mild growth conditions via atmospheric pressure chemical vapor deposition (APCVD) 
and can therefore conformally coat complex geometries. The coating is additionally stable up to high temperatures. 
Perhaps most importantly, the SN coating is not dependent upon any additives such as lubricants in order to retain its 
properties. Additionally, surfaces coated with sufficiently thick SN mats have already been shown to be durable in 
water condensation environments (Schmiesing et al., 2020). Chemical functionalization, including fluorinated silanes, 
can be readily applied to SN mats of any thickness, as the chemical makeup of the springs provides suitable bonding 
sites. As such, the SN coating is a strong candidate for use in the condensation of hydrocarbons and the creation of 
stable DWC inducing surfaces. 
Figure 1. FESEM images of silica nanosprings: a) High-resolution FESEM image capture with an in-lens sensor 
showing their helical coil structure, and b) FESEM of a silica nanospring mat with a growth time of 15 minutes. 
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In summary, although it is well-known that surface wettability can affect condensate retention on a heat exchanger 
and the mode of condensation on the heat transfer surface, very few papers were found in the open literature which 
specifically addresses the influence of surface wettability on condensation heat transfer performance, in particular 
hydrocarbon condensation heat transfer performance. This is because achieving oleophobic (or oil-repellent) behavior 
is often quite a bit harder than achieving hydrophobic (or water-repellant) behavior. As such, most papers found 
focused on water condensation, and the range of applicability for those papers was often quite limiting. Additionally, 
the behavior of condensate droplets on silica nanosprings (a relatively new nanomaterial) is also still quite limited and 
not well understand. This highlights the need for additional study and this research in particular. 
2. EXPERIMENTAL METHOD 
2.1 Nanospring Test Surfaces 
In this study, the creation of chemically functionalized SN surfaces is accomplished in a few primary steps. First, a 
metallic substrate (generally aluminum) is cleaned via immersion in ethanol and deionized water. The substrate is then 
sputter-coated with a thin layer of gold nanoparticles and placed in an atmospheric pressure chemical vapor deposition 
(APCVD) reactor for a chosen amount of time, following the procedure of Corti et al. (2013). Upon removal from the 
APCVD reactor, the SN coating has been applied to the substrate surface. It is important to note that the thickness of 
an SN coating is directly proportional to the growth time for which the sample is left in the reactor. The SN-coated 
surface is then plasma cleaned with hydrogen and oxygen in order to activate bonding sites on the nanospring mat. 
Following the activation of bonding sites, the SN-coated substrate is placed in a chemical solution composed of hexane 
and a varying amount of one of three chosen fluorosilane compounds - (i) 3,3,3-trifluoropropyltrimethoxysilane (3F), 
(ii) tridecafluoro-1,1,2,2-tetrahydrooctyltrimethoxysilane (13F), or (iii) heptadecafluoro-1,1,2,2-tetrahydro 
decyltrimethoxysilane (17F). The concentration of the chosen fluorosilane compound in the chemical solution and the 
amount of immersion time of the plasma-cleaned sample in the chemical solution can both be varied. The optimization 
of these surface-creation variables (i.e. SN growth time, chosen compound, concentration, immersion time) using 
iterative testing on flat aluminum surfaces was a primary focus of the first stage of this project and is discussed later. 
Contact angle (CA) measurements were the primary method used to quantify the repellency of surfaces created during 
this iterative testing. During this testing, methanol droplets (the chosen low surface tension fluid) with volumes of ~10 
µL were placed on a given SN-coated and chemically functionalized flat surface. Static contact angles, indicative of 
the repellency of a surface to the incident droplet, were collected. Advancing and receding CAs were also collected, 
which are obtained by continuously adding/removing volume from a droplet on the surface, respectively. The largest 
angle formed between the droplet base and the surface before the contact point between the base of the droplet and 
the surface moves outward during volume addition is referred to as the advancing contact angle. Similarly, the smallest 
angle formed between the droplet base and the surface before the contact point between the base of the droplet and 
the surface moves inward during volume subtraction is referred to as the receding contact angle. The difference 
between advancing and receding CAs is referred to as contact angle hysteresis (CAH). CAH is an important measure 
of the mobility of a droplet on a given surface. A high CAH indicates that a droplet undergoes significant perturbation 
(i.e. the addition/removal of volume) before it physically moves on the surface. Thus, the droplet is relatively 
immobile. By contrast, a low CAH indicates that a droplet must only undergo a small amount of perturbation (i.e. the 
addition/removal of volume) before it physically moves on the surface. Thus, the droplet is relatively mobile. The 
combination of these two quantities – static CA (indicating wettability) and CAH (indicating mobility) – are generally 
reliable gauges of surface performance during condensation. Surfaces that exhibit high static CAs and low CAH for a 
given fluid are more likely to induce stable DWC in that fluid, and vice versa. However, these CA measurements are 
insufficient to characterize a surface’s performance. The chosen chemically functionalized SN coating can then be 
applied to tubes, and these tubes can be used to perform condensation heat transfer experiments to determine the HTC 
enhancement offered by the coating. 
2.2 Environmental Test Chamber 
To this end, heat transfer experiments are performed inside a well-insulated vacuum chamber, in which water is used 
as the cooling fluid to condense surrounding fluid vapor onto test surfaces. Before each experiment, the vacuum 
chamber is supplied with the desired condensing liquid is and then evacuated to create a saturated environment. 
Condensation occurs as heat is rejected from the saturated vapor in the chamber to the cooling fluid, which is routed 
through the chamber using aluminum tubes (i.e. the SN-coated test surfaces). An isothermal bath is used to control 
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the temperature of the cooling water, while a motor-driven pump is used to propel the cooling fluid through the system, 
and a flow meter is used to monitor the flow rate of the cooling fluid. A data acquisition unit (DAQ) is used to monitor 
a variety of experimental parameters, including the cooling fluid temperature at the chamber inlet and tube outlet, 
𝑇𝑚,𝑖𝑛 and 𝑇𝑚,𝑜𝑢𝑡, the tube surface temperatures at the chamber inlet and outlet, 𝑇𝑠,𝑖𝑛 and 𝑇𝑠,𝑜𝑢𝑡, and the interior pressure 
of the test chamber, 𝑃𝑠𝑎𝑡 . In order to ensure that condensation of the saturated vapor in the chamber takes place only 
on the test surfaces and not on the chamber walls, a heating pad covers the exterior of the chamber. 
In order to maximize the amount of heat rejected from the surrounding saturated water vapor to the flowing cooling 
water, custom fluid manifolds have been 3D printed from poly-vinylidene fluoride-co-hexafluoropropylene (PVDF) 
using water-soluble polyvinyl alcohol (PVA) support material to create internal fluid channels. These manifolds hold 
multiple test sections of aluminum tubes, increasing the amount of surface area available for heat transfer inside the 
vacuum chamber. The manifolds use printed internal O-ring grooves to seal the tubes into the manifolds. The set of 
tubes installed in the manifolds shown below in Figure 3 is a set of uncoated aluminum tubes. 
Figure 2. Experimental setup: a) vacuum chamber, b) and c) custom 3D printed fluid manifolds to route cooling 
water back and forth through vacuum chamber along multiple tube passes. 
3. RESULTS AND DISCUSSION 
3.1 Contact Angle Measurements 
The first stage of this study's primary focus has been to identify preferred surface creation parameters that result in the 
most optimized SN surfaces. For the purposes of this research, surfaces that exhibit relatively high static contact angles 
and relatively low contact angle hysteresis (CAH) are highly preferable, as previously discussed. Thus, iterative testing 
was conducted to evaluate the effect that surface creation parameters (i.e. SN growth time, chosen fluorosilane 
compound, fluorosilane concentration, fluorosilane functionalization reaction time) have on these critical measurable 
outcomes. In total, 49 unique surfaces were created by varying the surface creation parameters listed above. Each of 
these surfaces was a flat aluminum strip, approximately 101.6mm (4in) by 76.4mm (3in) and 0.254mm (0.01in) thick. 
Contact angle testing was conducted, and scanning electron microscopy (SEM) imaging was also completed when 
necessary to have visual data to contextualize the CA results. In this work, a ramé-hart contact angle goniometer was 
used to measure the static and dynamic contact angles of water droplets and methanol injected on the test samples 
using the sessile drop method (see Table 1). The data presented for static water baseline testing above indicates a few 
17th International Refrigeration and Air Conditioning Conference at Purdue, May 24-28, 2021
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primary trends. First, a universal superhydrophobicity exhibited by each of the silane chemistries is apparent. In 
addition, water droplets were observed to be highly mobile on all tested surfaces. Second, it is interesting to note that 
the concentration of the silane solution used to functionalize a surface had little effect on the resulting water contact 
angle. This may suggest that there is some minimum concentration required to achieve a plateau of hydrophobicity 
for a given fluorine compound and that a 5% concentration solution exceeded that minimum concentration. There was 
also little apparent dependence of the static water contact angle on the number of fluorine atoms in each compound 
(again, presumably beyond a certain threshold). This is likely due to water’s relatively high surface tension. Thus, all 
three of the fluorine treatments have sufficiently low surface energies to repel water droplets nearly equivalently. 
This first set of 27 created surfaces (Table 1) was then tested with methanol droplets (i.e.  = 22.7 mN/m) in order to 
determine their ability to repel a low surface tension fluid. A few primary trends were identified in these results that 
were collected. The first has to do with the fluorosilane chosen to functionalize a given surface. As discussed 
previously, three compounds were considered, each with a different fluorine concentration – three (3F), thirteen (13F), 
or seventeen (17F). It was found that incident methanol droplets completely wetted all surfaces functionalized with 
the 3F compound. That is, the silane chemistry did not sufficiently lower the surface energy of the coating to repel 
methanol. In contrast, it was found that all surfaces functionalized with the 17F compound exhibited relatively high 
static CAs. These results are shown above in Table 1. Although these are promising static CAs, it was also noted upon 
further investigation that the 17F samples all displayed a very high CAH (i.e. 71-87). As previously noted, this is 
undesirable as it indicates low droplet mobility. Qualitative observations supported these quantitative results during 
experimentation – methanol droplets on 17F surfaces were highly immobile. To further investigate this behavior, SEM 
imaging was carried out on a few sample surfaces from the 15SN-17F group (i.e. surfaces with a 15-minute growth 
time SN coating, functionalized with the 17F fluorosilane). 
Table 1. Surface Preparation Conditions and Associated Parameters (Set 1) 




Sample SN Growth Silane Cone. Reaction Water Methanol 
ID time (min2 (# ofFluorines2 (%2 time (min2 CA*(o2 CA (o2 CAH (o2 
15SN-3F5% 15 3F 5 15 169.3 
15SN-3F10% 15 3F 10 15 169.0 
15SN-3F20% 15 3F 20 15 168.4 
15SN-13F5% 15 13F 5 15 170.0 
15SN-13F10% 15 13F 10 15 170.4 23.9 
15SN-13F20% 15 13F 20 15 170.6 43.8 
15SN-17F5% 15 17F 5 15 170.5 83.5 71.8 
15SN-17F10% 15 17F 10 15 170.8 83.7 71.7 







Figure 3. Static contact angles on representative test surfaces 
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Sample SN Grov.'1:h Silane Cone. Reaction Methanol 
ID time (minl (# ofFluorines1 (%1 time (min2 CA*(ol CAH(ol 
5SN-3F5% 5 3F 5 15 wetted NA 
5SN-3F10% 5 3F 10 15 wetted NA 
5SN-3F20% 5 3F 20 15 wetted NA 
5SN-13F5% 5 13 5 15 26.3 17.3 
5SN-13F10% 5 13F 10 15 24.7 29.8 
5SN-13F20% 5 13F 20 15 30.6 15.7 
2.5SN-3F5% 2.5 3F 5 15 wetted NA 
2.5SN-3F10% 2.5 3F 10 15 wetted NA 
2.5SN-3F20% 2.5 3F 20 15 wetted NA 
2.5SN-13F5% 2.5 13F 5 15 28.2 
2.5SN-13F10% 2.5 13F 10 15 36.2 
2.5SN-13F20% 2.5 13F 20 15 29.7 
5SN-17F1% 5 17F 5 15 66.3 
2.5SN-17F1% 2.5 17F 1 15 46. 1 22.3 
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Figure 4. At left is 15SN-3F5%, at right is 15SN-17F5%. Note the dramatic difference in morphology in the 17F 
sample due to the formation of a chemical crust, which creates a webbing between the nanospring structures, as 
compared to the 3F sample at left with no crust present. Both micrographs were taken at 15,000 magnification. 
It was found from SEM imaging that the 17F silane was polymerizing within the SN mat and forming a ‘crust’ of the
polymerized chemical compound (see Figure 4). This stands in stark contrast with the SEM data collected for the other 
two silanes in use, both of which successfully formed a monolayer on the SN mat, and neither of which polymerized. 
When chemical functionalization is successful, the SN mat morphology as visible in the SEM should not change from 
its state before functionalization. Figure 4 above demonstrates the morphological difference between an SN mat that 
was functionalized but whose topology remained unchanged (indicating successful functionalization) and an SN 
morphology corrupted by a crust's formation. The crust formation among 17F samples is likely the reason for their 
high static CA’s and high CAH. The crust significantly closed the gaps between spring structures and prevented
methanol droplets from penetrating the SN structure (resulting in the high static angles), and pinned droplets in place, 
causing the observed immobility. Finally, it was found that the 13F compound experienced neither complete flooding 
nor crust formation. Instead, the 13F chemical created surfaces were both relatively repellent to methanol and had 
reasonable CAH. After this initial testing, a second set of samples was created for further optimization (Table 2). 
Table 2. Surface Preparation Conditions and Associated Parameters (Set 2) 
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These new samples were then tested with methanol droplets. As with the first sample set, all 3F surfaces were 
immediately wetted, and all 17F surfaces exhibited relatively high static CAs. However, droplet mobility was once 
again very low and SEM imaging revealed that the 17F samples had once again formed a crust. Although less dramatic 
than the previous 17F samples, which is logical given the reduction in silane concentration, the crust had similar 
effects. The 13F samples did not form a crust and exhibited improved performance over 15-minute SN mats with 
identical chemical treatments. Specifically, whereas 15SN-3F5% was completely flooded, the 2.5SN-3F5% and 5SN-
3F5% surfaces were able to suspend methanol droplets. In addition, the 5SN surfaces at 10% and 20% concentration 
were able to suspend droplets more consistently than the almost completely flooded 15SN surfaces of the same 
chemical treatments. Thus, the second primary trend that was observed was a difference in performance due to the SN 
structure growth time. Longer SN growth times as expected resulted in thicker coatings, and vice versa. It was found, 
however, that for two surfaces with equivalent chemical treatments (i.e. same silane, same concentration, same 
reaction time), the surface with the shorter growth time outperformed the surface with the higher growth time. This is 
further corroborated by Enright et al. (2012), Seo et al. (2019), and Mulroe et al. (2017) who have elucidated how 
smaller structure length scales (i.e. nano vs. micro), low structure heterogeneity, high density, and high aspect ratios 
all contribute to surfaces that exhibit the lowest wettability and best resistance to flooding during condensation. That 
is to say, highly uniform, densely packed nanoscale structures with high ratios of height to thickness are preferable. 
These results help to explain the performance differences noted among the varying SN coating growth times. 
As the SN structures grow, they tend to wind together and coalesce. Thus, the longer amount of time they are given 
to exhibit this behavior, the more that individual springs tend to come together to form coalesced superstructures. This 
causes gaps between spring structures to increase in size and causes the overall density of structures to decrease. This 
effect is demonstrated in the figure above – in which a 2.5-minute growth is compared to a 15-minute growth (see 
Figure 5). It is clear that the low growth time results in a denser structure of thinner, more perpendicular springs, 
whereas at 15 minutes of growth, the springs have coalesced. Contextualizing these observations with the literature 
findings discussed above, the reasoning behind the performance boost from shorter springs becomes clear. 
Figure 5. At left is a non-functionalized 2.5-minute SN mat, at right is a non-functionalized 15-minute SN mat. 
Note the higher degree of perpendicularity present in the 2.5-minute sample and the density of individual springs, as 
opposed to the coalesced superstructures evident in the 15-minute sample. Also, note the smaller spring thickness 
evident in the shorter growth time sample. Both micrographs were taken at 50,000x magnification. 
Figure 6. Methanol droplets on 2.5SN-13F5% at left, and 5SN-13F5% at right. 15SN surfaces with identical 
silane treatments were completely flooded, suggesting an advantage for shorter SN mats. 
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The results of this surface parameter optimization offer a few primary conclusions. First, the 13F silane is the best 
option for surface functionalization going forward (see Figure 6). The 3F is unsuitable, and while the 17F may be 
suitable in the future, this depends on the ability to find creation processes that eliminate the crust formation. Second, 
shorter springs are the likely candidate for SN growth times. These springs offer lower wettability and represent less 
thermal resistance in the system than thicker coatings. Moving forward, in the next stage of this project, aluminum 
tubes will be coated with SN mats and functionalized using the 13F silane. Condensation testing will then be conducted 
using the methodology detailed in this paper, and the resulting data will be analyzed to quantify HTC enhancements 
for both methanol and water. Previous condensation heat transfer testing for water on uncoated SN nanospring tubes 
(single tube pass with no manifold) yielded some promising results (Schmiesing et al, 2020)  see Figure 7. 
Figure 7. Normalized droplet removal rate data for a baseline tube and SN coated tubes of various growth times for 
different ∆Tsubcooling. It is important to note that these tubes were never functionalized with a fluorosilane nor were 
tested with methanol (Schmiesing et al., 2020). These data highlight the potential of SN coatings for improved heat 
transfer. 
4. CONCLUSIONS 
In this work, a fluorosilane-functionalized silica nanospring (SN) coating was proposed to improve heat transfer 
performance by inducing dropwise condensation on aluminum tubing for both water and low surface tension fluids. 
The SN mild growth conditions are suitable for coating aluminum while also providing a high surface area mat. The 
silica nanosprings can also conformally coat complex geometries and be functionalized. 
To-date, 3D printed manifolds have been created for use in an environmental chamber to increase the surface area of 
tubes available for condensation testing. Work has also been performed to optimize the surface parameters associated 
with the planned functionalization of the SN coating (i.e. SN growth time, silane chemistry, silane concentration, 
reaction time, etc.), and a tentative set of parameters has been chosen. The results of this surface parameter 
optimization offer a few primary conclusions. First, the 13F silane is the best option for surface functionalization 
as this project advances. The 3F silane is unsuitable, and while the 17F silane may be suitable in the future, this 
depends on the ability to find creation processes that eliminate the crust formation. Second, shorter springs are the 
likely candidate for SN growth times. These springs offer lower wettability and represent less thermal resistance in 
the system than thicker coatings. 
In summary, this optimization has shown that shorter SN growth times, coupled with the 13F fluorosilane chemistry, 
are preferred. Contact angles of approximately 170° have been achieved for water and 30° for methanol. More 
importantly, injected droplets are mobile on the test surfaces and do not readily wet the surface. These are promising 
results and suggest that the new functionalized surface should help promote DWC during testing. In the next stage of 
this project, these chosen parameters will be applied to sets of round tubes which will be installed in a purpose-built 
vacuum chamber for condensation testing with both water and methanol. The goal of this work is the calculation of 
the condensation heat transfer coefficient (HTC). 
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NOMENCLATURE 
A heat transfer area (m2) SN silica nanospring (-) 
CA contact angle () T temperature (C) 
CAH contact angle hysteresis () 
DWC dropwise condensation (-) Greek Symbols 
FWC filmwise condensation (-)  contact angle 
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